The transcription factors c-Myc and E2F-1 have been shown to harbour both mitogenic and apoptotic properties. Both factors have been implicated in the regulation of the transition from the G1 phase to the S phase in the mammalian cell cycle. However, whether cell death triggered by these molecules is dependent on the cell's position in the ongoing cell cycle remained elusive. Using centrifugal elutriation we here show for the ®rst time that c-Myc induces apoptosis in G1 and in G2 phase, whereas E2F-1-induced apoptosis speci®cally occurs in G1. S phase cells are resistant to cell death triggered by these factors. We demonstrate that this is not a general phenomenon, since S phase cells are susceptible to apoptosis induced by treatment with actinomycin D and to the anti-apoptotic activity of Bcl-2. Our data indicate that S phase cells harbour speci®c protective activities against c-Myc-and E2F-1-induced apoptosis. Our results demonstrate that these transcription factors, although probably sharing speci®c apoptotic pathways, also take distinct routes to induce cell death and that apoptosis can occur at dierent phases of the cell cycle depending on the apoptotic stimulus. In this report we present the usefulness of a new approach to determine the regulation of apoptosis in the ongoing unperturbated cell cycle. This approach has clear implications for the identi®cation of target genes involved in the regulation of cell death.
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Keywords: apoptosis; cell cycle; c-Myc; E2F-1; centrifugal elutriation c-Myc is a transcription factor of the helix ± loop ± helix/leucin zipper class of proteins and a key regulator of mammalian cell proliferation (Bouchard et al., 1998) . E2F-1 is a member of the E2F transcription factor family, known to be downstream targets of the retinoblastoma protein (Rb) family and essential for the activation of several genes, whose products are implicated in cell proliferation and DNA replication (Helin, 1998) . Deregulated expression of c-Myc or E2F-1 triggers proliferation of serum-deprived fibroblasts, demonstrating the important role of these factors in the regulation of the transition through the G1 phase (Bouchard et al., 1998; Helin, 1998) . However, under these conditions of induction of cell proliferation the cell numbers do not necessarily increase since substantial cell death occurs due to apoptotic events (Askew et al., 1991; Evan et al., 1992; Qin et al., 1994; Shan and Lee, 1994; Wu and Levine, 1994; Kowalik et al., 1995) . A potential link between cell proliferation and apoptosis has been suggested by the observation of oncogenic lesions that promote cell proliferation and apoptosis as well. Furthermore, ectopic expression of molecules harbouring mitogenic properties, such as c-Myc or E2F-1, has been shown to sensitize Rat1 cells to apoptosis in low serum conditions (reviewed in Evan et al., 1995) . However, a number of related studies have suggested that apoptosis and proliferation induced by Myc or E2F-1 may re¯ect distinct genetic programs. For example, it has been shown that activation of cyclin-dependent kinases (CDKs) and induction of apoptosis are largely independent events that occur in response to the induction of Myc. Neither microinjection of CDK inhibitors nor chemical inhibition of CDK2 aected the ability of Myc to induce apoptosis in serum-starved cells (Rudolph et al., 1996) . It has been reported recently that high levels of ornithine decarboxylase (ODC), a transcriptional target of Myc, can induce apoptosis, which is not accompanied by dysregulation of cell cycle control. Nonetheless, ODC was required downstream of Myc for myeloid cell growth, suggesting that c-Myc-induced pathways leading to cell cycle progression and apoptosis are separable, yet they share common mediators (Packham et al., 1996) . For E2F-1 it has been shown, that its apoptotic function is separable from the ability to accelerate entry into DNA synthesis. Analysis of E2F-1 mutants indicated that although DNA-binding is required, transcriptional transactivation is not necessary for the induction of apoptosis (Phillips et al., 1997; Hsieh et al., 1997) . Taken together, it is widely accepted that these two transcription factors play important roles in the regulation of the G1/S transition. Whereas Myc has been shown to be essential for the G1/S transition, the observation that E2F-1-knockout mice are viable (Yamasaki et al., 1996; Field et al., 1996) indicate that E2F-1 is not essential for proliferation of most cells in vivo, probably because other members of the E2F transcription factor family can ful®l E2F-1's function. However, whether cell death triggered by these molecules depends on the cell's position in the cell cycle is unclear.
So far, information on the cell cycle regulation of apoptosis has mainly been gained through the use of chemicals or growth restriction conditions to synchronize cells. Especially, in respect to apoptosis, treatment of the cells with chemicals or interfering with growth factor conditions has been shown to severely aect its regulation. In fact, this is an almost perfect biological example of the`Heisenberg's uncertainty principal', describing that a process changes during its detection and measurement, so that one never can draw an actual picture of the real regulation. Logarithmically growing cells can alternatively by synchronized by centrifugal elutriation. By this method, cells are separated on the basis of size and to a lesser extend, by density under moderate conditions, making this approach ideal for isolating populations of cells in speci®c phases of the cell cycle with minimal metabolic perturbations. Centrifugal elutriation has already been used in several dierent studies on cell cycle-dependent parameters, such as e.g. the regulation of cyclins and their associated kinases or E2F-dependent transcription. Centrifugal elutriation used under optimized conditions for the cell type of interest leads to highly reproducible and artefact-free data on cell cycle regulations .
To study the eects of c-Myc we used Rat-1 cell lines originally established by transfection with the retroviral pBpuro, which contained a chimera of wildtype c-Myc and a transcriptionally inactive mutant of the murine estrogen receptor that is unable to bind estrogen but can be activated by the synthetic ligand, 4-hydroxytamoxifen (Rat1-MycER). Myc functions were activated with 100 nM 4-hydroxytamoxifen (Eilers et al., 1989; Littlewood et al., 1995) . To investigate the regulation of E2F-1-induced apoptosis we used Rat1 cells producing high levels of E2F-1 under the control of an inducible promoter. These cells were generated by transfection of human E2F-1 cDNA cloned downstream of a mutated methallothioneine promoter, which can be induced in the presence of zinc. In these cells addition of 100 mM ZnCl 2 to the medium prior to harvesting results in expression of human E2F-1 protein (Qin et al., 1994; Soucek et al., 1997) . Logarithmically growing Rat1 cells were seeded at low density and grown in medium containing 0.5% fetal calf serum for 40 hours. Since c-Myc and E2F-1 induce apoptosis speci®cally under low serum conditions, we considered this treatment to prime the cells for the later induction of cell death. On the other hand, 40 h growth in 0.5% serum did not induce cell cycle arrest of the analysed cells ± proven by the fact that the cells could be separated in populations of G1, S, and G2/M cells (Figures 1 ± 3) . Next, the cells were separated according to the distinct cell cycle phases by centrifugal elutriation. To con®rm a proper separation the obtained fractions were cytofluorome- Figure 1 Centrifugal elutriation as an approach to determine the cell cycle regulation of apoptosis. Logarithmically growing Rat1-MycER cells were seeded at low density in medium containing 0.5% fetal calf serum. Forty hours later the cells were separated according to the distinct cell cycle phases by centrifugal elutriation. Centrifugal elutriation was performed in a Beckman J2-21M centrifuge and a JE-6B rotor with a standard separation chamber. The rotor was kept at a speed of 2000 r.p.m., temperature was 208C, and medium¯ow was controlled with a Cole-Parmer Master¯ex pump. Consecutive fractions of 150 ± 300 ml were collected at increasing¯ow rates. For an overview of the elutriation conditions see ; for details of the protocol used with Rat1-MycER cells see Pusch et al., (1997) . Cyto¯uorometric analyses of cell cycle distributions of the fractions were performed using a Becton-Dickinson FACScan. DNA was stained with propidium iodide. Cell death is shown as the amount of cells with sub-G1 DNA content and as the percentage of trypan blue stained cells in the total cell population (upper panel). Cells of the dierent elutriated fractions were re-seeded in medium containing 0.1% serum and Myc functions were activated with 100 nM 4-hydroxytamoxifen for four hours. The dierent fractions were analysed for cell cycle distributions and cell death as described above (lower panel) trically analysed for DNA distributions. Only elutriations of highest quality were included in this study. Cells of the dierent elutriated fractions were re-seeded in medium containg 0.1% serum with and without induction of Myc or E2F-1, respectively. After four hours DNA distributions were determined on the FACScan and cell death was detected. Various studies have already described in detail the kinetics of the apoptotic process induced by c-Myc and E2F-1 as well as the morphological and biochemical features of the apoptotic cells (Askew et al., 1991; Evan et al., 1992; Qin et al., 1994; Shan and Lee, 1994; Wu and Levine, 1994; Kowalik et al., 1995) : The apoptotic cells can be identi®ed microscopically by typical morphological features, such as nuclear condensation after DAPI staining, cellular condensation (cell shrinkage) and formation of membrane bound vesicles (apoptotic bodies). Viable cells can be distinguished from apoptotic cells by trypan blue dye exclusion as an indicator of viability. Subdiploid apoptotic cells can be quantitated on the¯ow cytometer after DNA staining. In the course of our investigation we have routinely used trypan blue staining and sub-G1 DNA content as criteria for the detection of cell death. In Figure 1 a representative example of such an analysis is presented. Quantitation of multiple experiments showed that induction of Myc caused apoptosis in G1 and in G2 phase, with preservation of S phase cells (Figure 2 ). Here it is important to note that in the course of the presented study we never detected dierences in the cell cycle regulation of apoptosis quanti®ed by trypan blue staining or by determination of sub-G1 DNA content. Further, it became evident that under the analysed conditions of induction of apoptosis, DNA degradation occurs before susceptibility to trypan blue staining, what is re¯ected by higher numbers of apoptotic cells detected via their sub-G1 DNA content (compare Figure 1) . 4-hydroxytamoxifen had no eect on cell viability in Rat1 cells stably transfected with the empty control vector (Rat1-pBpuro, data not shown). These data are in perfect agreement with the earlier reported observation that c-Myc can induce apoptosis in G1 cells and in the post-commitment S/G2/M period of the cell cycle. The experimental setting used in this earlier study did not allow to distinguish S phase cells from G2/M cells and accordingly did not detect the preservation of S phase cells (Harrington et al., 1994) . It has recently been reported that ecient c-Mycinduced apoptosis requires the CD95 receptor-ligand pathway (Hueber et al., 1997) . Intriguingly, another study revealed that T cells are speci®cally resistant to CD95-induced apoptosis during S phase of the cell cycle (Dao et al., 1997) . This overlaping cell cycle Figure 2 Cell cycle regulation of c-Myc-induced apoptosis. Logarithmically growing Rat1-MycER cells were seeded at low density in medium containing 0.5% fetal calf serum. Forty hours later the cells were separated according to the distinct cell cycle phases by centrifugal elutriation. The obtained fractions (designated A-G) were cyto¯uorometrically analysed for cell cycle distributions (upper panel). Cells of the dierent elutriated fractions were reseeded in medium containg 0.1% serum with (+) and without (7) activation of Myc with 100 nM 4-hydroxytamoxifen. After 4 h DNA distributions were determined on the FACScan and apoptotic cells were detected by trypan blue staining (given as the percentage of trypan blue positive cells in the total cell population, lower panel).
Results of four independent determinations are presented+standard deviations
Cell cycle regulation of apoptosis M Hengstschla Èger et al regulation of c-Myc induced apoptosis (our report) and CD95-induced apoptosis could be interpreted as an additional indication for the interaction of these two molecules in inducing cell death. Recently, the phosphatase Cdc25A was identi®ed as a Myc target, which plays an essential role in Myc-induced death (Galaktionov et al., 1996) . In the here analysed Rat1-MycER cells Cdc25A is expressed in G1 and G2 , indicating that this phosphatase could be the mediator of Myc-induced apoptosis before and after replication.
To our knowledge, the cell cycle regulation of E2F-1-induced apoptosis has not been elucidated so far. Quantitation of multiple experiments showed that induction of high ectopic levels of E2F-1 caused apoptosis speci®cally in G1 phase (Figure 3) . Treatment with zinc had no eect on cell viability in Rat1 cells stably transfected with the empty control vector (Rat1-p1093, data not shown). The positional apoptotic eects of E2F-1 are not due to an indirect eect of cell cycle position on the expression of the ectopic E2F. Theoretically, one could assume that the induction of E2F-1 expression via zinc is less eective in G2. The lack of E2F-1-mediated apoptotic eects after S phase could further be speculated to be related to the decreased stability of the protein when released from hyperphosphorylated retinoblastoma protein after progression past the restriction point. It has been found that Rb protects E2F-1 from ubiquitin-targeted destruction (Hofmann et al., 1996; Hateboer et al., 1996) . Recent studies of our laboratory using elutriated fractions of the Rat1-MycER and the Rat1-E2F-1 cells revealed that ectopic Myc and E2F-1 can ful®l their typical functions, such as induction of cyclin E or cyclin A expression in G2 phase as well as in G1. We have further found that E2F-1 can be highly overexpressed in every cell cycle phase leading to induction of cyclin E-and cyclin A-associated kinase activities throughout the entire cell cycle (Soucek et al., 1997; Pusch et al., 1997) . We conclude that ectopic E2F-1 can not trigger apoptosis after the G1/S transition although it is functional in mediating other cellular eects.
These data demonstrate that ectopic high levels of these transcription factors can induce apoptosis only in those cell cycle phases in which the endogenous proteins are also normally expressed. c-Myc is known to be constitutively expressed throughout the cell cycle (Qin et al., 1994) were seeded at low density in medium containing 0.5% fetal calf serum. Forty hours later the cells were separated according to the distinct cell cycle phases by centrifugal elutriation. The elutriation protocol was the same as used for Rat1-MycER cells Soucek et al., 1997) . The obtained fractions (designated A-G) were cyto¯uorometrically analysed for cell cycle distributions (upper panel). Cells of the dierent elutriated fractions were re-seeded in medium containing 0.1% serum with (+) and without (7) induction of E2F-1 expression with 100 mM ZnCl 2 (for the induction of human E2F-1 in these cells see (Soucek et al., 1997) . After 4 h DNA distributions were determined on the FACScan and apoptotic cells were detected by Trypan blue staining (given as the percentage of trypan blue positive cells in the total cell population, lower panel). Results of three independent determinations are presented+standard deviations (Bouchard et al., 1998) and we found it to induce cell death in G1 and in G2 phase, whereas the observed speci®city of E2F-induced death in G1 can be correlated with the speci®c expression of endogenous E2F-1 in this phase of the cell cycle (Helin, 1998) . We further conclude that these transcription factors, although probably sharing speci®c apoptotic pathways, additionally use distinct routes to induce cell death.
To test whether S phase cells are generally protected against apoptosis we elutriated logarithmically growing Rat1 cells and induced cell death by actinomycin D in the dierent cell cycle fractions. Quantitation of multiple experiments showed that actinomycin Dinduced apoptosis occurs independently of the cell's position in the cell cycle (Figure 4 ). Bcl-2 protects cells from a wide variety of physiological and pathological death signals (Strasser et al., 1996; Reed, 1996) . Recently, data accumulated that Bcl-2 exhibits cell cycle functions separable from its eects on cell survival (see e.g. Vairo et al., 1996) . We sought to investigate whether the anti-apoptotic function of Bcl-2 is cell cycle-dependent. To address this issue we used Rat6 ®broblasts stably transfected with the empty control vector or with the pMV12hygro vector containing the murine Bcl-2 cDNA (for a detailed description of these cell lines and for the Bcl-2 expression see Borner, 1996) . Using the approach of centrifugal elutriation described for Figure 4 we found that control cells died constitutively throughout the cell cycle upon treatment with actinomycin D. Within 4 h treatment on average 32.2% (+4.3%) cells became trypan blue positive in every phase of the cell cycle. Analysing the Bcl-2 overexpressing cells the same treatment resulted in 9.4% (+2.8%) dead cells independently of the cell cycle position. These data show that high levels of Bcl-2 signi®cantly inhibit actinomycin D-induced apoptosis independently of the cell's position in the cycle. Accordingly, we conclude that rat ®broblasts are speci®cally resistant to c-Myc induced apoptosis during S phase, since these cells are susceptible to cell death induced by other apoptotic stimuli and to the anti-apoptotic activity of Bcl-2.
Although ®rst pictures of their eects on cell cycle regulation can be drawn, the molecular mechanism of c-Myc-and E2F-1-induced apoptosis are still not understood. The most pressing aim is the identification of the cellular targets involved in these processes. The molecular basis of our observations on the cell cycle regulation of c-Myc-and E2F-1-induced cell death can only be elucidated when their cellular targets involved in apoptosis are identi®ed. Our data have clear implications for the identi®cation of the essential targets. Knowing the windows in the cell cycle, in which these factors exhibit their apoptotic functions, narrows down the set of possible candidates. Although Pusch et al., 1997) . The obtained fractions (designated A-G) were cyto¯uorometrically analysed for cell cycle distributions (upper panel). Cells of the dierent elutriated fractions were re-seeded in medium with (+) and without (7) 100 mM actinomycin D. After 4 h DNA distributions were determined on the FACScan and apoptotic cells were detected by trypan blue staining (given as the percentage of trypan blue positive cells in the total cell population, lower panel). Results of three independent determinations are presented+standard deviations it has been shown that the apoptotic process itself does not take longer than 30 ± 60 min, the occurence of apoptotic cells can be detected within 24 ± 48 h after induction of c-Myc or E2F-1 (Askew et al., 1991; Evan et al., 1992; Qin et al., 1994; Shan and Lee, 1994; Harrington et al., 1994; Wu and Levine, 1994; Kowalik et al., 1995) . This observation can only be explained assuming that dierent cells in the population exhibit dierent susceptibilities to the induction of apoptosis, so that some cells start earlier and some later to undergo the process of cell death. However, why within a population of the same cell type the members are dierently susceptible to apoptosis remained elusive. Our here reported observation that c-Myc-and E2F-1-dependent cell death can only be induced in speci®c phases of the cell cycle could explain this phenomenon. Furthermore, based on our ®nding that c-Myc can induce apoptosis in G1 and in G2, whereas E2F-1-induced cell death can only occur in G1, one would expect E2F-induced apoptosis to be slower than cMyc-induced death in an unsynchronized cell population. A comparison of the dierent time courses described in the literatur (Askew et al., 1991; Evan et al., 1992; Qin et al., 1994; Shan and Lee, 1994; Harrington et al., 1994; Wu and Levine, 1994; Kowalik et al., 1995) together with our own ®ndings (data not shown) demonstrated this really to be the case. In addition, we report the ®rst successful application of a method to investigate the regulation of apoptosis in the unperturbated ongoing cell cycle.
